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ABSTRACT
Caves are geologic systems, shaped by inorganic chemical processes (speleogenesis).
Nonetheless, there is increasing evidence that biological processes also play a role in the origin
and development of caves (biospeleogenesis). In order to examine the role that microorganisms
may play in secondary passage enlargement we collected samples from Lechuguilla Cave, a deep
cave system that is largely shielded from human impact. Samples were collected from areas
where rock corrosion was obvious. In order to determine if microorganisms were involved with
the observed corrosion, we used scanning electron microscopy (SEM) to identify apparent
microbial pitting of the rock surface. To establish the identity of the organisms responsible for
this pitting, pure cultures of 15 bacterial isolates were obtained. PCR amplification was then
utilized in order to obtain the 16S small ribosomal RNA gene sequence of each. These DNA
sequences were then assembled using Geneious, followed by alignment of the DNA sequences
using the SILVA sequence aligner and ARB program. Aligned sequences were used to create a
phylogenetic tree using the RAxML Blackbox software, and the robustness was tested with
bootstrapping. This tree allowed us to identify the isolates as Brevibacterium, Citricoccus,
Kocuria, Micrococcus, and Rothia. To determine if microorganisms within these genera were
responsible for the calcite dissolution observed in the environment, they were each incubated for
36 days with a calcite crystal. These crystals were then visually inspected to look for evidence of
calcite dissolution. Our results suggest that microorganisms isolated from the cave environment
are capable of calcite dissolution, suggesting that such species may play a role in secondary
speleogenetic processes.
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INTRODUCTION
Lechuguilla Cave is a large cave system over 222 km in length, making it the seventh
longest cave in the world. First discovered in 1986, the cave remains in pristine condition due to
limited human impact. This pristine the geology and ecology provide an opportunity to study
speleogenesis, the science of the formation and development of caves in an environment with
limited anthropogenic effects. While the primary mode of cave formation in Lechuguilla Cave
was hypogenic sulfuric-acid speleogenesis that occurred over 6 million years ago (Jagnow et al.,
2000), the protected nature of the habitat also permits examination of secondary speleogenetic
processes. These secondary processes refer to those mechanisms of cave development that have
continued to shape the caverns of the cave long after large-scale sulfuric-acid mediated
speleogenesis has stopped. Notable among the secondary speleogenetic processes is the
mounting evidence for a microbial component to the origin and development of caves, a process
that has been termed biospeleogenesis.
Of particular interest to this study is the work of Wisshak et al. (2015), which has shown
promising evidence for a microbial component to secondary speleogenesis. After collecting
samples from the Chandelier Graveyard region of Lechuguilla Cave, scanning electron
microscopy (SEM) examined the surface topography of crystals collected from areas of
corrosion (Figure 1 courtesy of Wisshak et al., 2015). The results of this study indicate that the
erosion of the calcite (shown in Figure 2 courtesy of Wisshak et al., 2015) may be due to
microbial pitting of the rock surface. Furthermore, other work with SEM yielded images
depicting different bacterial microorganisms that were attached to the calcite samples (Figure 3
courtesy of Wisshak et al., 2015). With the knowledge that microorganisms within the cave
environment may be responsible for the dissolution of the calcite, further examination of these
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microorganisms is warranted to determine if they play a significant role in secondary
speleogenetic processes.

Fig. 1: Pictures denoting the different morphologies of the corrosion samples and the surrounding breccia from each
corrosion site (scheme, photos left), as well as the morphology of cleaned calcite crystals from the corrosion sites
(microscope and SEM images on right). From Wisshak et al., 2015 (with permission).

Sonntag 5

Fig. 2: C-D. SEM images showing the topography
opography of the calcite crystals samples from site EYEY6FS1 and indicating erosion of
the calcite crystal. From Wisshak et al., 2015 (with permission).

M images showing some of the different bacteria found colonizing the calcite crystals. C. Bacterium 1 from site
Fig. 3: SEM
EYEY6FS1 G-H. Bacterium 2 from site EYEY6FS2
EYEY6FS2. From Wisshak et al., 2015 (with permission).

The goal of the present study was to assess the microbial involvement in areas of
corrosion observed within the Chandelier Graveya
Graveyard
rd region of Lechuguilla Cave. We not
n only
wanted to identify members of the microbial communities colonizing these
se areas,
areas but to
determine if they were responsibble for calcite dissolution. This would allow me to test my
hypothesis that microorganisms isolated from corrosion samples are active agents of
biospeleogenesis within Lechuguilla Ca
Cave. In order to identify members of the microbial
populations of the environmental corrosion samples
samples, the appropriate techniques of molecular
biology were employed. Cultivation was used to obtain bacterial isolates from the environmental
samples for two purposes.
rposes. This was not only to get enough DNA to perform a phylogenetic
analysis of the microorganisms colonizing the samples, but to also isolate cultivatable bacteria
from the samples that could be used in laboratory experiments to examine their morphology as
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well as elucidate what effects, if any, the isolated microorganisms would have on a calcite crystal
within their immediate environment. This information serves to benefit the Wisshak et al. (2015)
study in the following ways: to classify the identity of cultivatable microorganism from the
Lechuguilla samples, to examine the morphology of these microorganisms to see if there is
evidence of structural homology with the microorganisms seen under SEM in the Wisshak et al.
(2015) study, and to determine whether the microorganisms cultivated from the environment
exhibited support for biospeleogenesis as a result of microbial activity, or whether the cultivated
microorganisms passively colonized the crystals without causing calcite dissolution and
discernable pitting of the calcite crystal.
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MATERIALS AND METHODS
Collection of Samples
Lechuguilla Cave is located in Carlsbad Caverns National Park, Eddy County, NM. The
cave resides in a desert region and does not connect to any known surface streams, limiting
nutrient input. The cave was formed primarily in the Capitan Formation of the Delaware Basin,
Texas, by hypogenic sulfuric acid speleogenesis, with a postulated biogenic origin (Hill, 2000;
Palmer & Palmer, 2000). Due to the complex geology of the cave, there are areas of the cave
with significant deposits of calcite-cemented breccia, which has undergone numerous amounts of
erosion. Samples were collected from eroded calcite deposits in the Chandelier Graveyard area
of Lechuguilla at an approximate depth of -300 m. Given the depth and distance from the
entrance, the sample site is subject to constant temperature (19.7°C air temperature with a
relative humidity of 99.9% (measured using a RH300 Digital Psychrometer, Extech Instruments,
Waltham, MA). During this expedition it was noted that different sites in the cave appeared to
exhibit different stages of erosion. In order to conduct a thorough examination of the microbial
activity occurring in areas where corrosion was evident, separate samples were taken from sites
representing differing types of erosion. In the end, four samples were collected for further study
in the laboratory. Sample I (Lech-EYEY6FS2) was collected from an area of calcite corrosion,
Sample IIa (Lech-EYEY6AS1) was collected from an area of intermediate corrosion, Sample III
(Lech-EYEY6FS1) was collected from an area where general corrosion was observed, and
Sample IIb (EYEYA1S2) was collected from an area where calcite corrosion was observed (see
Figure 1).
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Growing/Plating Samples
There were insufficient cell numbers to allow analysis of the site using a DNA-based
approach, so to increase cell yield a cultivation-based approach was used. Rock samples were
immersed in 10mL of enrichment media composed of 0.03% casamino acids and 0.014%
K2HPO4. Samples were then periodically agitated to ensure that the media was able to contact
every surface of the sample.. After a period of 10 days, 100μL of sample was aliquoted onto
50% tripicase soy agar (TSA) (5 g L-1 NaCl, 2.5 g L-1 K2HPO4, 17 g L-1 enzymatic digests of
casein, 3 g L-1 enzymatic digest of soybean, 2.5 g L-1 glucose with 1.7% noble agar; Fisher
Scientific, Sparks, MD), for growth. After the initial plating of the samples, hundreds of colonies
began to grow on the surface of the agar. While numerous colonies were observed, the next task
was to further separate microorganisms with enunciated differences in morphology. Each
morphologically distinct microbial colony was streaked on fresh 50% TSA for single colony
isolation until pure cultures were obtained for each of the bacterial isolates.
DNA Extraction
To isolate DNA from the pure cultures, 100mg (wet weight) of bacterial cells were used
in conjuction with the ZR Fungal/Bacterial DNA MiniPrep procedure (Zymo Research, Irvine,
CA). This procedure was used per the manufacturer’ suggested protocol with the exception that
water, instead of DNA elution buffer, was used to elute the DNA in the final step. Once the DNA
was isolated, a Nanodrop spectrophotometer was used to quantify the concentration of each
DNA sample. All DNA was then resuspended to a final concentration of 50ng/μL.
PCR Amplification of the 16S rRNA Gene
Bacterial DNA was amplified using polymerase chain reaction (PCR) using the bacterial
forward primer 8F (5’ – AGA GTT TGA TCC TGG CTC AG – 3’) and the universal reverse
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primer 1391R (5’ – GAC GGG CGG TGW GTR CA– 3’) to amplify the 16S rRNA gene
sequence. The reaction mix used for amplification contained 50ng/μL of DNA, 1μL of 8F
primer, 1μL of 1391R primer, 7μL of PCR water, and 10μL Taq 2x master mix (New
England Biolabs, Ipswich, MA). The thermal cycling parameters for the PCR procedure were a
hot start at 95°C for 2 minutes, followed by 34 cycles of 95°C for 45 seconds, annealing at 58°C
for 45 seconds, and 72°C for 1 minute 30 seconds. This was followed by an elongation cycle at
72°C for 10 minutes. The PCR products were visualized by running 5μL of the PCR product on
a 1.2% agarose gel containing 0.01% ethidium bromide.
In some cases, the initial PCR was not successful as evidenced by the gel results provided
by the UV box. In regards to these cases, a single gel band was not attained as would have been
expected. Instead, some non-specific binding appeared present and further purification of the
sample was necessary. In order to rectify this issue, a gel DNA recovery protocol was used on
every unsuccessful sample in order to obtain DNA that could be used for cloning. For this, the
target band of interest (approximately 1500 base pairs) was found using the ladder for reference
and the UV box to aid viewing. Then, using a safeXtractor (5 Prime Inc., Gaithersburg, MD) the
gel slice was excised from the gel and placed in a sterile microcentrifuge tube. This gel slice,
containing the target DNA of interest, was then recovered using the Zymoclean Gel DNA
Recovery Kit (Zymo Research, Irvine, CA) following the manufacturers’ protocols. The DNA
obtained was then cloned into a DNA sequencing vector.
Cloning and Sequencing
When the results of the PCR were successful, the PCR products were cloned into a DNA
sequencing vector. Amplicons were cloned into the pCR4-TOPO vector using the TOPO TA
cloning kit for sequencing with One Shot TOP10 chemically competent Escherichia coli cells.
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This was carried out according to the instructions outlined by the manufacturer (Invitrogen,
Carlsbad, CA). Once the PCR product for each bacterial isolate had been successfully cloned in a
sequencing vector transformed into E. coli, positive selection (via the blue/white selection
technique) was used to pick possible viable clones for each bacterial isolate. With this method,
the clones that demonstrated successful incorporation of the target sequence grow white on the
agar, whereas clones that were not able to incorporate the target sequence grow blue on the plate.
While a multitude of successful clones were present for each bacterial isolate, at least six clones
were selected and were plated on a LB/AMP agar plate to serve as a stock plate for future use.
Stock clones were then inoculated into 3mL of LB/AMP media (10 g L-1 tryptone, 5 g L-1 yeast
extract, 10 g L-1 NaCl; Fisher Scientific, Sparks, MD, and 0.1g L-1 ampicilin sodium salt; SigmaAldrich, St. Louis, MO) and were incubated over a 16 hour period, with shaking, at 37 °C. To
ensure that the transformants contained the target insert, a T3/T7 PCR procedure was used to
screen the stock clones for the proper insert. Briefly, the reaction mix used for amplification
contained 1μL of inoculated LB/AMP of the clone of interest, 1μL of T3 primer, 1μL of T7
primer, and 10μL of Taq 2x master mix. The thermal cycling parameters for the PCR procedure
consisted of a hot start at 95°C for 10 minutes, followed by 34 cycles of 95°C for 45 seconds,
annealing at 59°C for 1 minute 15 seconds, and 72°C for 1 minute 30 seconds. This was
followed by an elongation cycle at 72°C for 5 minutes. Again, the results of the PCR procedure
were visualized by running an agarose gel. When the results of the PCR indicated that the target
sequence had been successfully incorporated (verified by the presence of a target band of
approximately 1500 base pairs), the viable clones were selected and sent to Advanced Genetics
Technology Center (AGTC) (http://www.uky.edu/Centers/AGTC/) for Sanger sequencing using
the external T3 and T7 primers, and the internal 515F primer.
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Phylogenetic Analysis
Obtained DNA sequences were assembled and annotated (to remove any vector
sequences) using Geneious, version 6.1.2 (http://www.geneious.com, Kearse et al., 2012),
followed by initial alignment of the DNA sequences using the SILVA sequence aligner, version
1.2.11 (http://www.arb-silva.de/aligner/). Once aligned the sequences were visually inspected
using the ARB software program in order to ensure proper alignment of the sequences (Ludwig
et al., 2004). Sequences where then exported to ClustalX, version 2.1, where gaps in the data
were collapsed and the sequences were trimmed (Larkin et al., 2007). Preliminary identification
of the isolates was achieved by examining the sequences using the NCBI database
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Specifically, sequences were run through the Standard
Nucleotide Basic Local Alignment Search Tool (BLAST), which utilizes the blastn algorithm
(Altschul et al., 1990). RAxML Blackbox software (Stamatakis et al., 2008) was used to create a
phylogenetic tree using the maximum likelihood algorithm, with the robustness being tested
through 1000 bootstrapping replicates. The phylogenetic reconstruction was achieved using the
CIPRES Gateway, version 3.3 (Miller et al., 2010). The tree was visualized for publication with
the FigTree program, version 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).
Crystal Preparation/Inoculation
Ultra-pure calcium carbonate crystals were obtained from Mikon Mineral (Gleichen
Germany) to determine if the bacterial isolates were capable of dissolving calcite. Using a
hammer and chisel, the crystals were broken to reveal a smooth crystal plane, free from defects.
These crystals were affixed to an SEM stub using Silver Conductive Adhesive (Electron
Microscopy Sciences, Hatfield, PA). A Dremmel was then used to mark the top left-hand corner
of each crystal in order to provide a guide for the orientation of the crystal.
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Crystals were first viewed under Environmental Scanning Electron Microscopy (ESEM)
in order to verify that all crystals had clean, flat surfaces that were free from superficial defects
(FEI Manufacturer, Hillsboro, OR). Pictures were taken of each crystal to serve as “before”
references of what the crystals looked like under SEM prior to analysis.
Next, the crystals were placed in sterile test tubes containing 70% ethanol and were
allowed to sit in this solution for a period of 30 minutes. After this alcohol sterilization
procedure, the crystals were ready to be placed in a test tube with nutrient media (comprised of
0.3% casamino acids and 0.014% K2HPO4) that had been inoculated with the LCD bacteria. This
inoculation was done two days prior, where 3mL of the nutrient media was added to 15 separate
sterile test tubes. Each test tube was inoculated with only one LCD. Using flame sterile tweezers,
the crystal was obtained from the test tube containing the 70% ethanol and gently shaken to
remove all excess ethanol as quickly as possible without letting all the ethanol evaporate off of
the surface of the crystal. Then, the crystal was placed in a corresponding test tube containing the
inoculated nutrient media. This process was repeated until all 15 crystals had been successfully
transferred into a test tube inoculated with only one LCD isolate. All test tubes were gently
agitated to disperse that bacterial cells all throughout the nutrient media (and onto the surface of
the calcite crystal). Test tubes were then permitted to incubate for a period of 36 days at a
temperature of 25°C.
After the incubation period was finished, the nutrient media was extracted from the test
tubes and the crystals were washed three times with filter sterilized water (pH = 8.0) that had
been treated with CaCO3 to maintain alkalinity and reduce any acidity that could compromise the
surface of the crystals and cause pitting that was not due to microbial activity. Next, the water
was removed via pipet and the samples were immersed in 6mL of 4% paraformaldehyde to be
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fixed. After a period of 1 hour, the 4% paraformaldehyde was discarded and samples were
washed with distilled water for three washes to remove any excess paraformaldehyde. Samples
were then stored in a solution of 50% ethanol.
The samples were then subjected to an alcohol dehydration protocol where the samples
were immersed in the following concentrations of ethanol for a period of time of at least 1 hour:
75% ethanol, 85% ethanol, 90% ethanol, 95% ethanol, 98% ethanol, and 100% ethanol. All of
this was done in order to prepare the samples for viewing under SEM to examine whether the
isolates were able to cause pitting of the calcite crystal that they were incubated with. Once in
100% ethanol, the samples were then ready to undergo critical point drying followed by sputter
coating. However, due to malfunctions with the critical point dryer, the samples were not able to
undergo the final steps to prepare them for viewing under SEM.
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RESULTS
Growing/Plating Samples
Following the initial plating of samples, many colonies began to grow on the agar
indicating that cultivatable microorganisms could be obtained from the environmental samples.
Although there was a lot of growth on the agar plates, the next challenge was to isolate the
unique species growing in this media. Using individual colony morphology as a guide, 15
microbial colonies were identified as being unique and were selected for pure culture. Table 1
describes the 15 isolates that were selected for single colony isolation, including information
about their morphology and sample site that they were isolated from. It should be noted that
eight of the 15 isolates originated from Sample I, no isolates were obtained from Sample IIa, five
isolates came from Sample III, and Sample IIb yielded two isolates.
Table 1: Observed Morphology of the LCD Isolated from Various Isolation Sites
Name/ID

Colony Morphology

Isolation Location

LCD 1

white; circular; raised (many clumped together)

Lech-EYEY6FS2 (Sample I)

LCD 2

yellow; irregular; raised

Lech-EYEY6FS2 (Sample I)

LCD 3

yellow; circular; raised

Lech-EYEY6FS2 (Sample I)

LCD 4

yellow/crème; circular; raised

Lech-EYEY6FS2 (Sample I)

LCD 5

yellow; circular; raised

Lech-EYEY6FS2 (Sample I)

LCD 6

crème; circular; raised

Lech-EYEY6FS1 (Sample III)

LCD 7

yellow; circular; raised

Lech-EYEY6FS1 (Sample III)

LCD 8

crème; semicircular; raised

Lech-EYEY6FS1 (Sample III)

LCD 9

crème; round; umbonate

Lech-EYEY6FS1 (Sample III)

LCD 10

white; circular; raised (many clumped together)

Lech-EYEY6FS2 (Sample I)

LCD 11

yellow; circular; raised

Lech-EYEY6FS2 (Sample I)

LCD 12

yellow/tan; circular; raised

Lech-EYEY6FS2 (Sample I)

LCD 13

crème; circular; raised

Lech-EYEY6FS1 (Sample III)

LCD 14

yellow/crème; circular; raised

Lech-EYEYA1S2 (Sample IIb)

LCD 15

yellow; circular; raised

Lech-EYEYA1S2 (Sample IIb)
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Identification of Isolates
In order to identify the isolates, we used 16S rRNA gene sequencing. Once isolated in
pure culture, we carried out the DNA extraction of each isolate using the Zymo Fungal/Bacterial
DNA MiniPrep (Zymo Research, Irvine, CA). The DNA was quantified using the nanodrop to
obtain the concentration of the extracted DNA and to verify that the extraction was successful.
Table 2 below summarizes the DNA concentration results obtained from each of the pure culture
samples.
Table 2: DNA Concentrations of LCD Isolates Taken with the Nanodrop Post-DNA Extraction
Name/ID

Concentration (ng/μL)

LCD 1

45

LCD 2

118

LCD 3

160

LCD 4

113

LCD 5

108

LCD 6

170

LCD 7

168

LCD 8

42.5

LCD 9

118

LCD 10

50

LCD 11

248

LCD 12

168

LCD 13

265

LCD 14

212

LCD 15

143

With enough DNA isolation for PCR we amplified the 16S rRNA gene sequence. My gel
electrophoresis results revealed that the PCR amplification was successful for nine of the 15
isolates. This was evidenced by the presence of a single band of PCR product of the correct size
(approximately 1500 base pairs); however, not all PCR amplifications were immediately
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successful. The gel results revealed what appeared to be non-specific primer binding in six of the
15 isolates. Thus, instead of seeing one solid band near the target location, these gels showed one
or more additional bands after the target band. We believe this might have been due to the
amount of G-C content present in the samples’ template DNA and/or due to non-specific primer
binding. In order to obtain viable DNA for sequencing, the target region was spliced out of the
agarose gel and the DNA was recovered using a gel DNA recovery kit. The recovered purified
DNA was then useable for cloning into a sequencing vector.
Following the cloning procedure and the positive selection of possible clones for
sequencing, the T3/T7 PCR was done in order to ensure that only those transformants that had
incorporated the target insert were sent for DNA sequencing. After careful analysis of the T3/T7
PCR gel electrophoresis results, three viable clones of each LCD isolate, that had been confirmed
to contain the target insert, were chosen and sent to AGTC for Sanger sequencing. My
subsequent analysis of the obtained sequence data indicated that at least 3X coverage was
achieved for each sequence of the bacterial isolates. A preliminary BLAST analysis then gave
further information regarding the probably identity of the LCD isolates. The genera that the
isolated belong to were identified as: Brevibacterium, Citricoccus, Kocuria, Micrococcus, and
Rothia. Thus, though 15 isolates were cultured from the environment, only five distinct genera
were represented among these isolates. Table 3 below summarizes the results of the BLAST
analysis for each LCD isolate. Additionally, the BLAST analysis allowed me to discover that the
isolates from Lechuguilla Cave were comprised of bacteria from the phylum Actinobacteria. All
isolates belong to the order Actinomycetales and suborder Micrococcineae. Furthermore, the
isolates belonged to one of two families, the Micrococcaceae (including the genera Citricoccus,
Kocuria, Micrococcus, and Rothia) or Brevibacteriaceae (including the genus Brevibacterium).
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Table 3: Preliminary BLAST Analysis of LCD Isolate Sequencing Data
Name/ID

BLAST ID

Query Coverage (%)

Identity (%)

LCD 1

Rothia aeria

100

99

LCD 2

Micrococcus yunnanensis

100

99

LCD 3

Brevibacterium casei

100

100

LCD 4

Citricoccus parietis

100

99

LCD 5

Citricoccus parietis

100

99

LCD 6

Kocuria palustris

100

99

LCD 7

Micrococcus luteus

100

100

LCD 8

Micrococcus yunnanensis

100

99

LCD 9

Micrococcus luteus

100

100

LCD 10

Rothia aeria

100

99

LCD 11

Citricoccus parietis

100

99

LCD 12

Citricoccus parietis

100

99

LCD 13

Micrococcus luteus

100

99

LCD 14

Micrococcus luteus

99

99

LCD 15

Micrococcus luteus

100

99

In order to confidently identity of the Lechuguilla isolates, a phylogenetic tree was
created using data that was aligned using the SILVA sequence aligner and inspected using the
ARB software program. During the alignment of the data it was discovered that the sequence
data for LCD 10 was significantly shorter than the rest of the sequencing data. Due to this, the
LCD 10 sequence was evaluated to determine if it should be removed from the dataset. Given
that LCD 1 and LCD 10 were shown to be isolated from the same sample site (Table 1), had
identical morphology (Table 1), and were identified as the same organism using the NCBI
database (Table 3), it was determined that the LCD 10 sequence could be removed without the
loss of significant data. The resulting maximum likelihood tree for this data was constructed
using the RAxML Blackbox software and is viewable as Figure 1, seen below.
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Figure 4: Phylogenetic Tree of LCD Isolates and Relevant Related Species
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Role of Species in Calcite Dissolution
Following the incubation period of 36 days, samples were briefly examined as the
nutrient media was removed and all specimens were prepared for paraformaldehyde fixation.
This was done to see if the isolates had caused any noticeable dissolution of the calcite crystal
over the course of the incubation period. In the case of every calcite crystal, the surface of the
crystal was visibly different than it was before the incubation period. Before the start of the
incubation, ESEM confirmed that all the crystals had surfaces that were flat, clean, and free of
defect (Figure 5). After incubation with the bacteria, the surfaces that contain discernable pitting
of the crystal. Thus, despite not being able to view the surface topography of the calcite crystal
under enhanced magnification and resolution, it is interesting to note that visible pitting of the
calcite crystals was observed for all samples with the unaided eye. These results suggest that the
LCD bacterial isolate that each crystal was incubated with was responsible for the characteristic
superficial pitting observed for each crystal.

Fig5: Selected ESEM images showing the “Before” images of crystals 2, 4, and 10 (left to right). The images reveal
that the crystals have a surface topography that is clean, flat, and free of serious defect.
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DISCUSSION
The goal of the present study was to assess the microbial involvement of microorganisms
obtained from samples within the Chandelier Graveyard region of Lechuguilla Cave. It was
desired to determine whether the microorganisms colonizing these corroded calcite deposits
within were capable of mediating the calcite dissolution that was observed. To begin, the results
of the cultivation study indicated that the cultivatable microorganisms from the calcite corrosion
samples belong to the genera of Brevibacterium, Citricoccus, Kocuria, Micrococcus, and Rothia.
These different genera were found to be dispersed throughout the cave environment (see Table 1
and Table 3). While some isolates were only obtained from one samples site, as was the case
with Kocuria from type III corrosion and Brevibacterium, Citricoccus, and Rothia from type I
corrosion, other isolates, namely the Micrococcus, were found across all levels of corrosion that
offered cultivatable microorganisms. Altogether, this information suggests that the diverse
genera showed differing abilities to colonize the sampled corrosion environments within
Lechuguilla Cave.
Although the genera exhibited differing abilities to colonize their environment, all
exhibited the same ability to cause a marked effect on the calcite crystal they were permitted to
colonize. Whereas the surfaces of the crystals were smooth and free from imperfection before the
incubation, after the experiment all 15 crystals exhibited surfaces that were pockmarked with
small, yet clearly discernable, divots and pockets where dissolution of the crystal had occurred.
This outcome illustrates that the isolates were able to cause calcite dissolution, presumably
through their metabolic processes while colonizing the calcite crystal. The next research question
is how the microorganisms might be responsible for the pitting of the calcite.
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A past study conducted by Wood (1967, unpublished) determined that heterotrophic
bacteria, specifically species of Brevibacterium and Micrococcus, were not capable of utilizing
calcium carbonate directly as a nutrient source. With this knowledge, we propose that the
microorganisms cause pitting of the calcite directly in their metabolism, for example from the
buildup of organic acids that occurs during ATP synthesis (Banks et al., 2010). These organic
acids are secreted by the microorganisms into the environment to remove reducing equivalents
during respiration. The organic acids will react with calcite causing the dissolution of the calcite
and pitting of the rock surface (Banks et al., 2010). Essentially, as the microorganisms colonize
their environment and go about the biological processes they need to conduct in order to survive,
this microbial action does have an effect on the environmental substrates that they inhabit (in this
case, calcite and calcite-cemented breccia). This makes a compelling case for microbial
involvement as a mediator of secondary speleogenesis within Lechuguilla Cave.
In addition to the finding that all isolates were capable of causing calcite dissolution, the
phylogenetic analysis of the isolates provided other data. In particular, the phylogeny gave
confident identity of LCD 3 as Brevibacterium casei and identified LCD 1 as most closely
related to Rothia aeria and Rothia dentocariosa. During subsequent background research on the
genera identified in this study B. casei is commonly found colonizing many different forms of
cheeses (Dolci et al., 2009; Hoppe-Seyler et al., 2007; Roth et al., 2010), which are rich in
calcium (as is calcite). However, research on B. casei is limited and there are currently no studies
that describe the interaction of B. casei with calcium and/or calcium-containing substances. The
identification of LCD 1 as a microorganism closely related to R. aeria and R. dentocariosa as
these organisms are a primary contributor of tooth decay and are often found in dental plaques
(Monju et al., 2009; Verall et al., 2010). The finding that R. aeria and/or R. dentocariosa are
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involved in the formation of dental caries within teeth, which are primarily composed of
hydroxyapatite, a mineral of calcium phosphate, relates to my mechanism of the piting of calcite
crystals in Lechuguilla Cave. A study by Brown et al. (1969) that showed that R. dentocariosa
was able to break down organic sugars (such as glucose, glycerol, sucrose, etc.) and readily
produce acid from this breakdown. Taken with the findings of the present study, it appears that
the Rothia species isolated in this study may be able to cause the dissolution of calcite in manner
that is similar to the way that R. aeria and/or R. dentocariosa. Considered together, the
information regarding B. casei and R. aeria/R. dentocariosa suggests that these organisms are
adept at colonizing calcium-rich substrates (such as cheese, teeth, and calcite deposits) and are
likely chief contributors to the observed calcite erosion present in Lechuguilla Cave.
To conclude, in the present study we were able to isolate 15 bacterial isolates that were
cultured from areas of differing levels of corrosion within the environment of Lechuguilla Cave.
These isolates were then examined to determine whether the microorganisms cultured from the
environment were capable of calcite dissolution (and therefore able to cause the rock corrosion
that was observed within Lechuguilla). The molecular techniques that were employed permitted
us to determine the identity of the isolates, allowing us to characterize the genera/species that
were cultivated from the environment. The evidence from this experiment confirmed that all of
the isolates were able to result in pronounced calcite dissolution, such that these microorganisms
were able to cause pitting of the calcite crystals that was distinguishable even with the unaided
eye. This information provided insights to describe the relevant genera found to have an integral
role in the formation and development of caves, which in our case were Brevibacterium,
Citricoccus, Kocuria, Micrococcus, and Rothia. The ability for microorganisms within these
genera to cause bioerosion of their calcite-containing environment makes a promising case for
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the postulation that members of the cave microbiome are involved in passage enlargement of
caves, thus making them active agents of secondary speleogenesis as they carry out the necessary
metabolic processes that they need to in order to survive in an oligotrophic environment.
Future Research
While much was learned throughout the course of this study, research still needs to be
conducted. First, due to malfunctions with the equipment required to prepare samples for SEM
imaging, mainly the critical point dryer, I was unable to provide post-incubation images of the
crystals that show the pronounced pitting of surface of each crystal. After the correct repairs to
the machine have been made this limitation will be rectified, as all samples will be prepared for
and subsequently viewed under SEM. Additionally, no control comparison was utilized in the
calcite experiment to determine the effects of sterile nutrient media on the surface topography of
the calcite crystals.
While significant evidence suggesting a microbial role in secondary speleogenesis was
obtained throughout the course of this study, the mechanism through which the microorganisms
cause the pitting of the calcite substrates still remains a mystery. Earlier we proposed that the
secretion of metabolic waste by-products, created as microbial colonies perform life-sustaining
processes, might be the method through which the microorganisms are able to cause bioerosion
of the calcite. However, this has to be confirmed. Future studies could aim to analyze the isolates
from this study to determine their acidogenic capabilities or examine the crystal surfaces to
determine what organic acids are being produced. The role of specific organic acids in the
secondary speleogenesis of calcite in Lechuguilla, and similar cave systems, would greatly
expand our understanding of these processes.
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